ABSTRACT: There is limited literature that follows a population of Anterior Cruciate Ligament Reconstruction (ACLR) patients through recovery. Our aim was to examine differences in movement and loading patterns across time and between limbs over four visits during 12 months post-ACLR. We hypothesized that kinematic and kinetic data during a stop-jump would have time-and limbdependent differences through 12 months post-surgery. Twenty-three ACLR athletes performed five vertical stop-jumps at 4, 5, 6, and 12 months post-op with motion capture and force plate data collection. The peak knee flexion (PKF) was different between the 4 and 12, 5 and 6, and the 5 and 12 month visits with earlier months exhibiting higher PKF. The peak vertical ground reaction force (vGRF) was lower at 4 than at 5 and 6 months. The peak posterior ground reaction force (pGRF) was lower at 4 months than all other visits. Frontal knee and sagittal hip range of motion (ROM) were different between 12 months and each previous visit. Asymmetries were present in peak vGRF, peak knee extension moment and impulse up to 12 months. The loading rate and peak pGRF demonstrated between limb differences up to 6 months; limb stiffness demonstrated differences up to 5 months post-ACLR. PKF was only asymmetric at the 4 month visit. While some variables improved in the 12 months post-ACLR, limb asymmetries in peak knee extension moment, peak vGRF and impulse persisted up to 12 months. Additionally, frontal plane knee and sagittal hip ROM had not normalized at 12 months. ß
Anterior cruciate ligament (ACL) rupture is one of the most frequent non-contact sports injuries 1 with 250-300,000 ACL injuries 2 and approximately 100,000 ACL reconstruction surgeries (ACLR) performed annually in the United States. 3 Approximately 72% of ACL injuries occur due to non-contact mechanisms during tasks involving sudden deceleration or changing directions while the limb is in extension. 1, 4 Adolescent female athletes are the most commonly injured population with a reported incidence of up to 1:60. 5 While it is not established why females exhibit such a high rate of ACL injury when compared to their male counterparts, risk factors such as increased knee abduction moment and extension during landing, joint laxity, hamstring to quadriceps (H:Q) muscle imbalances, and changes in estrogen levels have been suggested as potential explanations for the difference in injury incidence between sexes. [6] [7] [8] ACLR patients undergo extensive rehabilitation to increase strength and range of motion of the surgical limb before returning to sport. 9 Ideal rehabilitation after ACLR has three primary phases. In the first phase, the bone/graft is healing and focus is placed on restoring range of motion and gait. 10 The second phase focuses on strengthening, and the third phase includes running and sport-specific activities. 10 The return-tosport criteria varies among physicians, 11 but may be based on isokinetic strength tests including the H:Q ratio, power, or hopping tests. [10] [11] [12] [13] Despite rehabilitation, many athletes who undergo ACLR fail to return to their pre-injury level of play even up to 7 years after surgery 14 and have a risk for re-injury that is 15 times that of a control group. 5, 15, 16 Asymmetries in loading and movement patterns between limbs can be present up to 2 years after reconstruction contributing to increased risk for ACL re-injury to both the surgical and non-surgical limb. [17] [18] [19] [20] ACLR patients have a tendency to land with increased knee abduction moments [21] [22] [23] and knee extension, 20 as well as decreased peak knee flexion moments, 22, 24 and vertical ground reaction forces. 20 This increases the load on the ACL and results in high secondary tear rates. 20, [25] [26] [27] [28] [29] The increased injury risk to both the ACL graft and the contralateral ACL may be dependent on the pre-operative risk factors, a failure to fully rehabilitate, and a tendency to overuse the contralateral (un-injured) limb during recovery and return to sport. 5 Rehabilitated patients whose involved limb strength is 85% or less than that of the contralateral limb have significantly poorer outcomes than those whose involved limb strength is 90% or greater. 30 Researchers have suggested that the knee symmetry model is the ideal model for ACL rehabilitation, citing subjective and objective improvements in patient outcomes. 9 Symmetry between limbs has shown to be a good indicator of readiness to return to sport as it decreases the risk of secondary tears. 20, [25] [26] [27] [28] [29] There is limited literature that follows a population of ACLR patients through their recovery post-surgery looking at multiple time points and symmetry. Butler tested 15 ACLR patients at 6 and 12 months postreconstruction. During a stop jump, there was limb-tolimb asymmetry present in the plantarflexion angle and peak hip flexion angles, vertical ground reaction force (vGRF), and peak plantarflexion moment. An interaction between limb and time was also found for the peak knee extension moment where the nonsurgical (NSx) limb decreased by 10% between visits. 18 Oberlander et al. examined 10 ACLR patients 6 and 12 months after surgery and showed that during a single leg hop test ACLR patients exhibit asymmetry between limbs with the surgical limb having lower knee flexion moment than the uninvolved limb at both 6 and 12 months. The ratio of the knee flexion moment of the involved and uninvolved limbs at 12 months post-surgery was statistically greater than at 6 months, but was still less than 1 indicating asymmetry. 31 Understanding how movement mechanics change from the beginning of rehabilitation through 1 year postreconstruction is needed in order to determine the trajectory of recovery.
Therefore, the purpose of this study was to examine differences in movement and loading patterns across time and between limbs in ACLR patients over four visits in the first year post-ACLR. To address this we had two research questions: How do the involved and uninvolved limbs' movement patterns and symmetry change over the four visits, and is there a significant interaction between time and limb. We hypothesized that the peak knee flexion, peak vertical ground reaction force (vGRF), peak posterior ground reaction force (pGRF), and the frontal plane knee range of motion (ROM) (knee varus-valgus excursion) become more symmetric across time from the 4 month to the 12 month assessments. Further, we hypothesized that at 12 months post-surgery the participants would have persistent movement and loading asymmetry.
METHODS
This study is a level IV cohort study and all participants signed an IRB approved consent form prior to study initiation. We recruited 25 ACLR competitive athletes 14-25 years of age, 2 of which were lost to follow-up, Table 1 . All study participants were participating in recreational or high school sports at the time of injury and were expected to return to athletic competition following their ACLR. All participants underwent a unilateral ACL tibial tunnel-independent reconstruction with a single bundle hamstring graft completed by a single surgeon and were recruited at 4 months postreconstruction. Additionally, the participants had to be planning to return to full sport participation following rehabilitation. All participants were sent to physical therapy with the same post-op progression per the treating surgeon. In order to assess the changes in movement and loading mechanics throughout the first year following ACLR all participants completed the same testing at 4, 5, 6, and 12 months post-op. These testing points were chosen as the participants were released to begin jumping at 4 months, returned to sport at 6 months and at 12 months they were expected to be completely rehabilitated.
Forty-six retro-reflective markers were placed on specific lower extremity landmarks by a single researcher as previously described. 32 An eight camera motion capture system (Motion Analysis Corporation, Santa Rosa, CA) collected three-dimensional data at 120 Hz, while ground reaction forces were measured with two embedded force plates (AMTI, Watertown, MA) sampling at 2,400 Hz. Each participant performed five vertical stop-jump tasks. 33 The stopjump task includes several running steps, a jump off one foot, a two-footed landing, and a subsequent two-footed jump. Participants were told to approach the force plate as quickly as possible and to jump as high as was safely possible. No instruction on landing was given and trials were excluded if the participant did not have one foot on each plate during the landing phases of the stop jump. Kinematic and kinetic data were collected bilaterally during all trials.
The three-dimensional data was filtered using a 12 Hz low-pass Butterworth digital filter. Ground reaction force (GRF) data was filtered with this same filter at 100 Hz. All data were normalized to the stance phase of the first landing. Time-series curves were generated for all variables of interest using Visual 3D (C-Motion, Germantown, MD). Matlab (Mathworks, Natick, MA) was used to extract the peak vertical GRF, peak posterior GRF, peak knee extension moment (KEM), sagittal plane hip (flexion and extension) ROM, frontal plane knee ROM, peak knee flexion, and the knee angle at ground contact. Additionally, the loading rate, impulse, and limb stiffness were calculated. Impulse is the area under the vertical GRF curve of the first landing and subsequent jump; limb stiffness is calculated by dividing the peak vertical ground reaction force by the change in displacement of the center of mass. 34, 35 Study outcomes were modeled as a function of surgical limb, month, and the interaction of these. Model contrasts were used to assess which months differed from one another with respect to study outcomes, and whether there was asymmetric performance between surgical and nonsurgical limbs. All analyses were completed using the MIXED procedure in SAS (version 9.3, Cary, NC), with a type I error rate of a ¼ 0.05 used to determine statistical significance. Among the 92 visits possible in this study (23 participants for four sessions each), 81 sessions were attended. No sessions at the 4 or 5 month point were missed. The mixed model approach accomodates the inclusion of all data collected without casewise-deleting individuals who missed some sessions. To account for the possibility that other factors affected outcomes, age, BMI, and gender were initially included in all models. These three covariates were removed iteratively in order of highest pvalue until only predictors with p-values below a ¼ 0.05 remained. Correlation among repeated measurements on individuals was accounted for by including participant as a random effect in all models.
RESULTS
When looking at the results across time, peak knee flexion was different between the 4 and 12 month visits (p ¼ 0.020), the 5 and 6 month visits (p ¼ 0.040), and the 5 month and 12 month visits (p ¼ 0.005). In When examining side-to-side symmetry, the peak vGRF (4, 5, and 6 months p < 0.001; 12 months p ¼ 0.044), peak knee extension moment ( Fig. 5; 4 
DISCUSSION
Many studies have demonstrated that ACLR patients have differences in lower extremity mechanics that LIMB ASYMMETRY DURING ACLR RECOVERY do not resolve after rehabilitation including, but not limited to, knee extension and abduction moments, peak knee flexion, frontal plane knee ROM and hip extension moment. 18, 24, [36] [37] [38] Based on previous research, there are four predictors of increased risk of a second ACL injury: Net hip rotation moment impulse, frontal plane knee ROM, knee extension moment, and postural stability. 28 The objective of this study was to examine how movement mechanics change across time through the first year postreconstruction, determine the differences in side-toside symmetry as well as examine the interaction between symmetry and time since surgery. This was completed by examining the kinetics and kinematics during a vertical stop-jump task in 23 ACLR patients at 4, 5, 6 and 12 months post-reconstruction. The results of this study indicate that asymmetries in movement and loading remain up to 12 months following ACLR during a vertical stop-jump task. Considering the increased risk of ACL re-injury in the presence of asymmetries, the results of this study suggest that patients should be monitored past 12 months post-reconstruction. This additional assessment would aid in determining if asymmetric movement patterns persist past a year without additional intervention, or if additional therapy or training are needed to restore more symmetrical movement mechanics in ACLR patients. Specifically, the peak vGRF and impulse measures could benefit from an extended project as the NSx and Sx limbs are converging, but are still statistically different at 12 months. Additionally, a more objective measure needs to be developed that indicates an individual's readiness to return to sport based on persistent asymmetries up to 12 months post-ALCR.
Time-Dependent Differences
The results of this study supported our hypothesis that peak knee flexion, vGRF, pGRF, frontal plane knee ROM, and sagittal hip ROM during a stop-jump would have time-dependent differences throughout the first year post-reconstruction. Of these variables, the frontal knee ROM and the sagittal hip ROM at 12 months were different from the three previous months indicating that these variables have not normalized by the final time point. The lack of normalization in the frontal knee ROM and the sagittal hip ROM indicate that these results could be enhanced by an extended study which follows ACLR patients past 12 months to better understand the trajectory of ACLR recovery.
Symmetry-Based Differences
This study supported our hypothesis that participants would display asymmetry throughout the first year post-reconstruction, but that the limbs would converge over time. The peak vGRF, impulse, loading rate, pGRF, peak knee flexion, and limb stiffness all displayed asymmetry between the surgical and nonsurgical limbs. By 12 months all variables except the peak knee extension moment, peak vGRF and impulse had converged and were no longer considered asymmetric. The asymmetry in the peak knee extension moment is supported by Oberlander who also reported a decrease in knee moments at both 6 and 12 months in the ACLR limb. 31 In addition, according to Paterno et al., an asymmetry in the knee extension moment is an indicator that the patient is at an increased risk for a secondary ACL injury. 28 At the 4 month visit, the difference between the Sx and NSx peak vGRF was approximately 0.5xBW. The difference between limbs decreased over the four visits until the 12 month visit where the difference was about 0.25xBW. This differs from the peak vGRF asymmetry at approximately 2 years post-surgery reported by Paterno et al. which was approximately 0.5xBW. 20 A potential difference is that Paterno et al. did not have a specific time point postreconstruction that he tested as well as differences in the landing tasks between the two studies. With the asymmetry in peak vGRF and peak knee extension moment it would be beneficial to follow a patient population for a longer period of time (24-36 months) with specific testing points in order to better understand the long-term trajectory of symmetry for the peak vGRF and peak knee extension moment. Currently, side-to-side asymmetry is not typically used as a return-to-sport criteria, but the presence of sideto-side asymmetries indicates an increase in secondary injury risk which should be assessed during return to sport decision making in this patient population. 7 Limitations One limitation of this study was that the post-operative rehabilitation strategy for each patient was not controlled. Leaving the rehabilitation strategy uncontrolled allows the results of this study to be applied to the general ACLR population rather than a subset of the population that adheres to a specific rehabilitation regimen. Another potential limitation is the external validity of this study due to the relatively small number of participants (n ¼ 23). A larger study with multiple surgeons would make the results of the study more widely applicable. Fearfulness or apprehension could be one explanation for the residual asymmetries 12 months following ACLR. Measures of kinesiophobia were not assessed in this study, but should be considered in future work to better understand the residual physical and psychological impact of ACLR following rehabilitation and return to play.
CONCLUSION
Understanding the movement mechanics of ACLR patients post-reconstruction can help inform readiness to return to sport and through additional intervention and objective measures of readiness to return to unrestricted activity could decreased re-injury rates. This study demonstrated that during the first year following ACLR there are differences across time and persistent asymmetry in the peak vGRF, peak knee extension moment, and GRF impulse. The asymmetry indicates that this population is at an increased risk for ACL re-injury. 7, 28 Additional therapeutic interventions need to be implemented between 6 and 12 months to restore symmetry and improve landing mechanics prior to athletes returning to sports. Finally, measures of readiness to return to sport that can objectively assess side-to-side symmetry in the clinical setting need to be developed and tested in order to provide feedback to the athlete and the treating surgeon regarding readiness to return to sport which could ultimately decrease the number of secondary ACL tears.
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